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By first-principles electronic structure calculations on carbon and nitrogen doped II-VI and III-V semicon-
ductors, we demonstrate that substitutional doping at anion site by 2p light elements results in spontaneous
spin polarization. However, to have a stable magnetic ground state, the 2p orbitals of the dopant must be
sufficiently localized in the energy gap of the host semiconductors. The spin magnetic moment is sensitive to
the relative strength of electronegativities of the dopant and the anion in the host semiconductor. Dopants with
weaker electronegativity than anion in the host semiconductor should be used to produce magnetic semicon-
ductor by anion substitutional doping with 2p light elements.
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Due to their promising applications in spintronics, numer-
ous efforts have been made in recent years to synthesize
dilute magnetic semiconductors �DMS� by introducing tran-
sition metal impurities in conventional semiconductors such
as TiO2 and ZnO.1–4 Recently, unexpected room-temperature
ferromagnetism was also found in two classes of semicon-
ductors in the absence of magnetic ion dopants, which is
referred as d0 magnetism since the magnetism is not induced
by the partially filled d orbitals.5 One class is undoped oxides
and nitrides such as CaO,6 HfO2,7,8 TiO2,9–11 ZnO,12 SnO2,13

BN and GaN,14,15 and the other is oxides doped with 2p light
elements, such as C- or N-doped ZnO,16–19 SrO,20 MgO,21,22

and TiO2.23–25 These two types of ferromagnetic materials
challenge our understanding of the origin of the d0 ferromag-
netism. For the first class of materials, i.e., undoped oxides
and nitrides, theoretical calculations indicated that cation va-
cancies may be responsible for the ferromagnetism. Elfimov
et al. first suggested that Ca vacancies in CaO can lead to a
half-metallic ferromagnetic ground state.6 Motivated by the
experimental observation of the high-temperature ferromag-
netism in HfO2,7 first-principles electronic structure calcula-
tions on HfO2 and TiO2 also showed that isolated cation
vacancies cause formation of high-spin defect states which
result in ferromagnetic ground state.8,10,11 As in the case of
oxides, cation-vacancy induced intrinsic ferromagnetism me-
diated by the defect states was also reported in GaN and
BN.14,15 On the other hand, the origin of ferromagnetism
observed in C- or N-doped oxides has also been studied.
Elfimov et al. proposed that substitution of nitrogen for oxy-
gen in some oxides can produce holes in N 2p orbitals with
local magnetic moments, which may form a ferromagnetic
order.20 Soon after, room-temperature ferromagnetism was
observed in C- and N-doped ZnO, respectively.16,17 Elec-
tronic structure calculations showed that the N and C dopants
lead to spin magnetic moment, and the p-d exchangelike p-p
coupling interaction was suggested to be responsible for the
ferromagnetism.16,18

These works are significant because they demonstrate al-
ternative ways to produce DMS. Compared to conventional
magnetic semiconductors, one obvious advantage of d0 fer-
romagnetism is that clusters or secondary phases formed by
the dopant do not contribute to magnetism. However, despite
of the studies mentioned above, the mechanism of d0 ferro-

magnetism is not well understood. A complete understanding
of the physics of d0 ferromagnetism is essential for identify-
ing robust DMS for practical applications.

In the present work, we focus on carbon or nitrogen dop-
ing in some II-VI and III-V semiconductors. First-principles
electronic structure calculations based on density functional
theory �DFT� were carried out to investigate the structural,
electronic and magnetic properties of the doped semiconduc-
tors to probe the mechanism of ferromagnetism. We found
that the magnetic properties of the semiconductors doped
with 2p light element are determined by the fundamental
physical properties such as electronegativities of the dopant
and anion in the host materials. To have a stable magnetic
ground state, the electronegativity of the dopant must be
smaller than that of the host anion so that the 2p orbitals of
the dopant remain localized and atomiclike. A strong inter-
action between the dopant and the cation of the host results
in delocalization of the 2p states of the dopant and a non-
magnetic ground state. As the trends in different semicon-
ductors are similar, we focus our discussion on C-doped Zn-
based semiconductors in the following, and then give a
summary of the results obtained in all systems we have stud-
ied.

We simulate C-doped Wurtzite-type Zn-based II-VI semi-
conductors ZnX �X=O, S, Se, and Te� using a 3�3�2 su-
percell containing 72 atoms, which corresponds to a doping
concentration of 2.78 at. % and is comparable to the experi-
mental concentration.16,19 The projector augmented wave
�PAW� potentials were used for electron-ion interactions and
generalized gradient approximation �GGA� parameterized by
Perdew and Wang �PW91� was used for exchange-
correlation functional.26 The cut-off energy was 400 eV and
a 3�3�2 k-point mesh was adopted for integration in the
first Brillouin zone. The cell parameters and the atomic po-
sitions of all structures were optimized until all components
of the residual forces were less than 0.025 eV /Å. The accu-
rate density of states �DOS� was calculated using the tetra-
hedron method with Blöchl corrections and the convergence
tolerance for the self-consistent energy was set to 10−6 eV.

Similar to previous DFT calculations,16 we found that be-
fore structural relaxation, all systems energetically favor a
spin-polarized ground state when carbon substitutes an an-
ion. The calculated partial density of states �PDOS� for the
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carbon dopant and a second-nearest neighbor anion �O, S,
Se, and Te� are shown in Fig. 1�a�. The atomiclike C 2p
states are relatively localized compared to O 2p, S 3p,
Se 4p, and Te 5p states. The spin-up C 2p states are fully
occupied, while the spin-down C 2p states are partially
filled, resulting in a total spin magnetic moment of 2.0 �B
per carbon dopant. It is also noted that the Fermi level
crosses the spin-down C 2p states, resulting in a half-
metallic property in these Zn-based II-VI semiconductors.

After structural relaxation, the carbon 2p states in ZnO:C
and ZnS:C remain localized at the Fermi level and ZnO:C
and ZnS:C are spin-polarized, with the same magnetic mo-
ment �2.0 �B /atom�, even though their spin-exchange split-
ting energy decreased. However, the magnetic moments of
ZnSe:C and ZnTe:C disappeared completely. The corre-
sponding PDOS are shown in Fig. 1�b�. It is obvious that the
carbon 2p states in ZnSe:C and ZnTe:C become delocalized
and spread over the entire valence band, and the Fermi level
lies just below the valence band maximum. This leads to an
obvious decrease in hole states localized on carbon and the
vanishing of spin magnetic moment. Therefore, by compar-
ing the magnetic properties of C-doped ZnX, it is clear that
localization of the carbon 2p orbital plays an important role.
In ZnO:C and ZnS:C, the C 2p orbitals are relatively local-
ized and the magnetic moment survives after structural opti-
mization, while in ZnSe:C and ZnTe:C, the strong hybridiza-
tion between the C 2p and Zn 3d orbitals results in
delocalization of the C 2p orbitals and vanishing of the spin
magnetic moment.

Meanwhile, relaxations of atoms around the carbon dop-
ant were also found to be different in different semiconduc-
tors. The C–Zn bond lengths and total spin magnetic mo-
ments of the C-doped ZnX semiconductors before and after
structural relaxations, respectively, are listed in Table I.
There are two nonequivalent C–Zn bonds in Wurtzite-type
ZnX, one along the �0001� direction and three equivalent
bonds formed by C with the three nearest neighbor Zn atoms
in the �0001� basal plane, as shown in the inset of Fig. 2. For
convenience, we indicate the lengths of these C–Zn bonds by
dC-Zn

�1� and dC-Zn
�3� , respectively. Upon structural relaxation,

dC-Zn
�1� increases with respect to the original O–Zn bond in the

undoped ZnO, while dC-Zn
�3� experiences negligible changes.

This is in agreement with experimentally observed lattice
expansion.19 For the other ZnX �X=S, Se and Te� doped with
C, their C–Zn bond lengths decrease compared to the origi-
nal Zn–X bond �X=S, Se, and Te�, resulting in a shrink of the
corresponding lattice.

To investigate the relationship between the spin polariza-
tion and the local structure around the carbon dopant, we
focus on the CZn4 tetrahedron in C-doped ZnS and per-
formed a series of single-point energy calculations at differ-
ent C–Zn bond lengths. In the single-point energy calcula-
tions, the Td symmetry of the CZn4 local structure and the
ratio of the axial to basal C–Zn bonds were kept the same.
The dependence of the calculated spin magnetic moment of
C-doped ZnS on C–Zn bond length �dC-Zn

�3� � is shown in Fig.
2. When the C–Zn bond is longer than about 2.12 Å, the
carbon dopant induces a total spin magnetic moment of
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FIG. 1. �Color online� Calculated partial DOS for C-doped ZnO, ZnS, ZnSe, and ZnTe, before �a� and after �b� structural relaxation. The
Fermi level is indicated by the vertical dashed line.

TABLE I. C–Zn bond lengths �both in Å� and the total spin magnetic moment M �in �B� of C-doped ZnX
�X=O, S, Se, and Te�.

System

Before Relaxation After Relaxation

dC-Zn
�3� dC-Zn

�1� M dC-Zn
�3� dC-Zn

�1� M

ZnO 1.979 1.986 2.0 1.972 2.027 2.0

ZnS 2.356 2.361 2.0 2.116 2.040 2.0

ZnSe 2.479 2.485 2.0 2.016 1.989 0.0

ZnTe 2.670 2.679 2.0 2.001 1.991 0.0
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2.0 �B. But with the decrease in the C–Zn bond length, the
spin magnetic moment of the system is reduced, and the
magnetic moment completely vanishes when the C–Zn bond
is shorter than about 1.97 Å. This indicates that formation of
spin-polarized states is sensitive to the C–Zn bond length.
Analysis of calculated PDOS �not shown here� of carbon
dopant shows that when the C–Zn bond is long, the atomic-
like C 2p orbital is strongly localized, and thus two holes
introduced by the carbon dopant lead to a spin magnetic
moment of 2.0 �B. When the C–Zn bond length decreases,
the C–Zn bond becomes stronger due to stronger C 2p and
Zn 3d hybridization, resulting in the delocalization of C 2p
orbital. As a consequence, the change of C 2p orbital from
localization to delocalization leads to the decrease in spin
magnetic moment in C-doped ZnS. This also explains why
the spin magnetic moments in C-doped ZnSe and ZnTe dis-
appear after structural relaxation.

The C–Zn bond length is mainly determined by two fac-
tors: the size of the dopant and the relative electronegativity
of the dopant and the anion atom it substitutes. In ZnO:C, the
atomic radius of carbon �0.7 Å� is slightly larger than that of
oxygen �0.6 Å�, and the electronegativity of carbon �2.55� is
much smaller than that of oxygen �3.44�. These lead to the
outward relaxation of Zn and a longer C–Zn bond compared
to Zn–O bond in ZnO. On the other hand, in ZnTe:C, the size
of the anion �1.35 Å� is much larger but its electronegativity
�2.1� is much smaller than that of carbon. Therefore, the
C–Zn bond shrinks from that in the unrelaxed structure
�Zn–Te bond length in undoped ZnTe� during structural op-
timization. C–Zn bonds in both ZnS:C and ZnSe:C also be-
come shorter after structural relaxation because of the
smaller size of carbon compared to the anion atoms, even
though their electronegativities are quite close. It is interest-
ing to note that S has a slightly larger electronegativity �2.58�
than carbon and the spin magnetic moment in ZnS:C sur-
vives during structural relaxation. On the other hand, the
electronegativities of Se �2.55� and C are the same and the
spin magnetic moment in ZnSe:C vanishes in the relaxed

structure. It is also interesting to note that the degree of re-
laxation of the C–Zn bonds increases from O to Te, but the
relaxed C–Zn bonds in different semiconductors have more
or less similar lengths. This means that between atomic size
and electronegativity, the latter is more important in deter-
mining the magnetic property of the ground state of a doped
semiconductor. In ZnSe:C and ZnTe:C, due to the stronger
C–Zn bond, more charges are transferred to the C dopant
from adjacent Zn ions and anions, resulting in stronger hy-
bridization between C 2p and Zn 3d orbitals and delocaliza-
tion of C 2p orbital. The holes generated by the substitu-
tional doping were originally localized mainly on the dopant.
During structural relaxation, due to charge transfer to the
dopant from the surrounding atoms, the empty 2p orbitals of
the dopant are occupied by the extra charge and the holes
hop to the nearby anion atoms, as can be seen from the
PDOS in Fig. 1 and the calculated charge distributions.27

Holes bounded to the anion sites are nonspin-polarized. This
change of C 2p orbital from localization to delocalization
may very well be the reason for the vanishing spin magnetic
moment in C-doped ZnSe and ZnTe.

As already mentioned in previous literature,16 the substi-
tution of carbon for oxygen in ZnO forms a stable ferromag-
netic coupling when the two substitutional C atoms were
placed at the largest possible separation of 7.76 Å in a 3
�3�2 supercell. Further calculations27 for various possible
configurations between the two carbon dopants in the 3�3
�2 supercell showed that the ferromagnetic coupling be-
tween the local moments of the carbon dopants in ZnO:C is
robust. Most of these configurations energetically favor par-
allel alignment of the local spin moments, with a total mag-
netic moment of 4.0 �B, and the energy difference between
the parallel and antiparallel alignments is significant. For
ZnS:C, however, the energies of the various configurations
considered are very close, and the energy difference between
the ferromagnetic and antiferromagnetic states is small, due
mainly to the relatively delocalized sulfur 3p states which
lead to a weak p-p coupling interaction between carbon 2p
and sulfur 3p orbitals and a weak magnetic coupling in ZnS.
The total magnetic moment depends sensitively on the struc-
tural configuration, and in general is reduced compared to
the sum of the spin magnetic moments of two separate car-
bon dopants, due to the fact that in the presence of two
carbon atoms within the interaction range, the C–Zn bonds
are further reduced with respect to that of an isolated carbon
dopant, and the stronger C–Zn bond results in the reduction
in the spin magnetic moment. As a result, high carbon-
doping concentration in ZnS can be expected to reduce the
spin magnetic moment. Therefore, compared to ZnO:C,
carbon-doping-induced spin magnetic moment may not sus-
tain in ZnS because the C–Zn bond in ZnS:C is close to the
critical value required for a stable magnetic ground state. We
also estimated the Curie temperatures of ZnO:C and ZnS:C
based on the mean-field theory and Heisenberg model, i.e.,
kBTC=2Emag /3.28,29 Here Emag is the magnetic energy �en-
ergy difference between FM and AFM coupling� obtained
from our first-principles calculations.27 The magnetic energy
depends on separation between the dopants. Taking the high-
est value of Emag at a doping concentration of 5.56 at. %, the
highest possible TC in ZnO:C is 454 K which is consistent
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FIG. 2. �Color online� The spin magnetic moment of C-doped
ZnS as a function of the C–Zn bond length. The Td symmetry of the
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the basal C–Zn bonds were kept the same throughout the calcula-
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with the experimental observation that the Curie temperature
is above 400 K.16 For ZnS:C, however, the estimated TC
based on the only ferromagnetic configuration is about 242
K. Therefore, we conclude that even if ZnS:C can be ferro-
magnetic, its Curie temperature will be below room tempera-
ture.

We also performed similar studies on carbon-doped Cd-
based II-VI semiconductors, nitrogen doped Zn- and Cd-
based II-VI semiconductors as well as carbon doped Ga-,
Al-, and In-based III-V semiconductors, and found that the
same trend between spin magnetic moment and relative elec-
tronegativity between the dopant and the anion atom is fol-
lowed by all systems except the Cd-based semiconductors.
As shown by the results listed in Table II, except for Cd-
based II-VI systems, the doped semiconductor is magnetic if
the electronegativity of the dopant is smaller than that of the
anion atom of the host semiconductor. Otherwise, the system
prefers a nonspin-polarized ground state. As shown in Fig. 2,
the magnetic state to nonmagnetic state transition in Cd-
based systems occurs at a larger C–Cd and N–Cd bond
length than the corresponding C–Zn and N–Zn bond, due
possibly to the large covalent radius of Cd compared to Zn.
Interestingly, though In and Cd have similar covalent radii,
compared with the Cd-based II-VI semiconductors, In-based
III-V semiconductors follow the above trend based on elec-
tronegativity. This could be due to the fact that III-V semi-
conductors are more covalent while the II-VI semiconductors
are more ionic. The magnetic state of a covalent semicon-
ductor is entirely determined by the electronegativity differ-
ence between the dopant and the anion of the host, but
atomic size of ionic semiconductors plays a role in its mag-
netic state, in addition to the electronegativity difference.
Therefore, the conclusion obtained above based on carbon-
doped Zn-based II-VI semiconductor may also well hold for
covalent metal-compound semiconductors doped with 2p
light elements. That is, the magnetic state of these semicon-

ductors is determined by the relative strength of electronega-
tivities of the dopant and the anion atom of the host material.
A dopant with weaker electronegativity should always be
chosen to produce magnetic semiconductor if the approach
of anion substitutional doping with 2p light elements is
taken. For less covalent systems such as Cd-based semicon-
ductor, the relaxed bond length of dopant and cation is large
enough to produce a spin moment due to the big atomic size
of host atom, and the magnetic state is thus more persistent.
It is noted that all known magnetic semiconductors substitu-
tionally doped with 2p light elements at anion sites,16–19,30,31

including Be-, Mg-, Ca-, Sr-, and Ti-based oxides,20–25,32–35

comply well with this general trend.
We wish to point out that we focused mainly on the lo-

calized magnetic moment induced by substitutional doping at
anion site. Issues such as magnetic exchange mechanism are
not extensively discussed and doping solubility is beyond the
scope of this work. However, it is worth pointing out that
approaches for overcoming doping bottleneck in semicon-
ductors have been proposed,36 so are methods for enhancing
ferromagnetic exchange coupling between the localized
magnetic moments in anionogenic DMSs, and ferromagnetic
stability.

In conclusion, our first-principles studies on magnetic
state of Zn-based II-VI semiconductors substitutionally
doped with 2p light elements at anion site showed that the
relative strength of electronegativities of the dopant and the
anion of the host semiconductor plays an important role. If
the electronegativity of the dopant is much smaller than that
of anion in the host �such as ZnO:C�, the bond formed be-
tween the dopant with the nearest neighbor cation is rela-
tively weak compared to the native bond between cation and
anion in the host semiconductor which leads to localized
atomiclike 2p orbital of the dopant and stable magnetic
ground state. On the other hand, when the strength of the

TABLE II. Difference between electronegativities of the dopant and the anion of the host semiconductor
����, and calculated spin magnetic moment per dopant �M� for Zn- and Cd-based II-VI and Ga-, Al-, and
In-based III-V semiconductors doped with carbon or nitrogen.

Dopant Anion ��
Host

�� in �B /atom�

C O −0.89 ZnO �2.0�, CdO �2.0�
S −0.03 ZnS �2.0�, CdS �2.0�
Se 0.00 ZnSe �0.0�, CdSe �2.0�
Te 0.45 ZnTe �0.0�, CdTe �1.6�

N O −0.40 ZnO �1.0�, CdO �1.0�
S 0.46 ZnS �0.0�, CdS �0.6�
Se 0.49 ZnSe �0.0�, CdSe �0.0�
Te 0.94 ZnTe �0.0�, CdTe �0.0�

C N −0.49 GaN �1.0�, AlN �1.0�, InN �1.0�
P 0.36 GaP �0.0�, AlP �0.0�, InP �0.0�

As 0.37 GaAs �0.0�, AlAs �0.0�, InAs �0.0�
Sb 0.50 GaSb �0.0�, AlSb �0.0�, InSb �0.0�
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bond between the dopant and the cations of the host material
increases due to larger electronegativity of the dopant com-
pared to the anion of the host semiconductor, the 2p states of
the dopant become delocalized and strongly hybridize with d
states of the cations in the host materials, leading to a de-
crease and eventually vanishing of the spin magnetic mo-
ment. For carbon doping in Zn-based II-VI semiconductors,
ZnO:C should be a robust magnetic semiconductor, but Zn-
Te:C and ZnSe:C are nonmagnetic, while ZnS:C is a border-
line case and may not be an effective DMS, even though the
carbon dopant generates a local magnetic moment. The same
trend is followed by carbon-doped Ga-, Al-, and In-based
III-V semiconductors and N-doped Zn-based II-VI semicon-
ductors and can be expected to hold in all covalent metal-
compound semiconductors/oxides doped with 2p light ele-

ments. The magnetic states in these systems are entirely
determined by the difference between the electronegativities
of the dopant and the anion in the host. However, deviation
from this trend was observed in less covalent Cd-based semi-
conductors where the magnetic state is more persistent.
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